Environmental samples were collected from carcass sites during and after anthrax outbreaks in 2000 and 2001 in the bison (Bison bison) population within Wood Buffalo National Park and the Hook Lake Region north of Wood Buffalo National Park. Bacillus anthracis spores were isolated from these samples and confirmed using phenotypic characterization and real-time PCR. Confirmed B. anthracis isolates were typed using multiple-locus variable-number tandem repeat analysis (MLVA15) and singlenucleotide-repeat analysis (SNRA). B. anthracis isolates split into two clades based on MLVA15, while SNRA allowed some isolates between carcass sites to be distinguished from each other. SNRA polymorphisms were also present within a single carcass site. Some isolates from different carcass sites having the same SNRA type had divergent MLVA types; this finding leads to questions about hierarchical typing methods and the robustness of the fine-scale typing of Bacillus anthracis.
A
nthrax is an acute febrile septicemia caused by the bacterium Bacillus anthracis a nonmotile, Gram-positive, spore-forming zoonosis with a global distribution. B. anthracis is part of the B. cereus group. B. anthracis clusters to a single sub-branch within the amplified fragment length polymorphism (AFLP) phylogenetic tree of B. anthracis, B. cereus and B. thuringiensis isolates (8) . B. anthracis exists primarily as a dormant spore in soils which may in part explain its limited genetic diversity (7, 9, 11) . Anthrax is a disease that impacts wildlife and livestock. Outbreaks emerge during the summer when there are dry periods disrupted by periods of intense rain which cause pooling of runoff to low-lying areas, including wallows, thus concentrating the spores (3, 6) . The disproportionate B. anthracis infection rates between males and females in cattle and bison populations may be explained by the increased use of wallows by bulls compared to cows (6, 18) .
Wood Buffalo National Park in northern Canada has been the site of numerous anthrax outbreaks among the wild bison herds (Bison bison), with at least 10 outbreaks having been reported between 1962 and 2001 (1, 6) . Over 1,000 animals died in these outbreaks; more than 100 in the 2000 outbreak alone (2) . Screening of soil samples from carcass sites of bison that had died of anthrax was carried out at a number of locations within the park (2) . B. anthracis spores were isolated from distinct locations at a number of carcass sites. The spore recovery success rate correlated with proximity to the carcass (2) .
Studies of genetic diversity of B. anthracis have relied on multiple-locus variable-number tandem repeat analysis (MLVA) (10, 14, 17) , single-nucleotide polymorphisms (SNP) (15, 17) and single-nucleotide repeat analysis (SNRA) (12, 13, 16) . Keim et al. described a hierarchical approach called PHRANA (progressive hierarchical resolving assays using nucleic acids) that uses markers that are progressively less stable but have increasing resolving power for typing B. anthracis (SNP, MLVA, and SNRA) (11) . SNP and MLVA have been shown to be effective in establishing broader genetic relationships, while single-nucleotide repeats (SNRs) have been used to provide fine-scale resolution (11) . SNR analysis has been used to discriminate B. anthracis collected from animals involved in a B. anthracis outbreak in South Dakota in the summer of 2005 (12) . It has also been used to investigate the genetic diversity of epidemic isolates in Italy (5).
Genetic characterization of B. anthracis from environmental samples endemic to a region with an outbreak has not been possible due to the lower than required resolving power of previous genotyping techniques combined with the challenge of isolating B. anthracis from soils. We describe here the characterization of a set of B. anthracis spore isolates on two spatial scales from an anthrax outbreak in bison, within and surrounding Wood Buffalo National Park: a smaller localized scale (a carcass site) and a larger scale (all sampled sites within the study area).
MATERIALS AND METHODS
Environmental samples from bison carcass sites from a 2000 (Davidson Tower) and 2001 (Lake Claire Delta and Hook Lake) outbreak were collected in Wood Buffalo National Park and in a region north east of the park near Hook Lake, NWT (Fig. 1) . Samples collected from the three sites nearest to Davidson Tower were from a 2000 outbreak, the remaining sites were from outbreaks in 2001. Sampling methods are described in Dragon et al. (2) . Briefly, three different sample selection methods were used: the central peg method, the transect method, and the grid method. Samples were collecting using disposable scoops. Samples were analyzed in biosafety level 3 laboratories as described previously (2) . Samples were extracted via a high-buoyant-density flotation method detailed previously and plated on PLET medium (4). Colonies displaying a B. anthracis-like morphology on PLET medium were checked for hemolysis and penicillin susceptibility by subculturing individual colonies on sheep blood agar overlaid with 10 U of penicillin. Identification of B. anthracis isolates was confirmed for isolates displaying B. anthracis phenotypes by SYBR green fluorescence-based PCR assays of crude culture lysates on the SmartCycler (Cepheid, Sunnyvale, CA). The PCR primers targeted a unique sequence in the B. anthracis chromosome and the lethal factor gene (lef) on the pX01 plasmid (2). These isolates were streaked onto Trypticase soy agar slants and grown overnight at 37°C and stored at room temperature in sealed tubes for extended periods of time until required. Colonies from the same spore preparation were isolated and stored separately.
Bacterial strains and DNA preparations. Individual isolate slants were selected and spores were streaked onto fresh sheep blood agar plates and incubated overnight at 37°C. Individual colonies were selected and DNA was prepared using PrepMan sample preparation reagent (Applied Biosystems, Foster City, CA). The sample was filtered through a 0.22-mpore-size spin filter.
MLVA. MLVA15 of B. anthracis strain DNA was performed for loci described previously (10, 16, 17) . PCRs contained 1ϫ AmpliTaq Gold PCR buffer, 0.5 U of AmpliTaq Gold DNA polymerase (Applied Biosystems), deoxynucleoside triphosphates (dNTPs; 0.2 mM each), forward and reverse primers (0.2 M each), and MgCl 2 (4 mM). Three multiplex PCRs were set up using the following MLVA primers (Table 1) : (i) multiplex 1, vrrA1, vrrB2, CG3, pXO1, pXO2, BAVNTR17, and BAVNTR32; multiplex 2, HCvrrC1, HCvrrC2, vrrB1, BAVNTR19, BAVNTR23, BAVNTR35; and (iii) multiplex 3, BAVNTR12 and BAVNTR16. Approximately 2 ng of template DNA were used per 20-l reaction. Phosphoramidite fluorescent dyes (Fam, Hex, or Ned) covalently linked to the forward primer were used for direct analysis of the amplicons. The vrrC1 and vrrC2 loci are regions previously described by Keim et al. (10) in 2000, but the primers used to amplify these loci were modified and the corresponding names changed to HCvrrC1 and HCvrrC2.
When the amplicons were to be sequenced, unlabeled forward and reverse primers were used. The thermocycling conditions were 95°C for 10 min, followed by 25 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and finally 72°C for 5 min. HiDi formamide (8 l; Applied Biosystems) and 1 l of the diluted PCR products were combined with 1 l of size standard Rhodamine-X Mapmaker 70-400 and CST ROX 420-800 (BioVentures, Inc., Murfreesboro, TN). These products were analyzed on an ABI 3100 genetic analyzer and sized using GeneMapper (Applied Biosystems).
SNR analysis. SNR analysis was performed as described previously, with minor changes (13, 16) . Multiplex PCRs were performed in a final volume of 20 l containing 1ϫ AmpliTaq Gold PCR buffer, 0.5 U of AmpliTaq Gold DNA polymerase (Applied Biosystems), 3 mM MgCl 2 , dNTPs at 0.2 mM each, and the appropriate concentrations of forward and reverse SNRA primers as reported in Table 2 . Singleplex PCRs were performed in a final volume of 25 l containing 1ϫ AmpliTaq Gold PCR buffer, 0.5 U of AmpliTaq Gold DNA polymerase (Applied Biosystems), 4 mM MgCl 2 , dNTPs (0.2 mM each), and forward and reverse primers as described in Table 2 . The thermocycling conditions were as follows: 95°C for 5 min, followed by 35 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and finally, 72°C for 7 min. PCR products containing phosphoramidite fluorescent dyes were diluted 1/80. HiDi formamide (8 l) and 1 l of the diluted PCR products were combined with 1 l of size standard Rhodamine-X Mapmaker 70-400 and CST ROX 420-800 (BioVentures, Inc.). These products were analyzed on an ABI 3100 genetic analyzer and sized using GeneMapper (Applied Biosystems).
The SNR primers that were used to sequence SNR PCR products in order to establish the size of the amplicon and the SNR are described in Table 2 and were used without phosphoramidite fluorescent dyes. PCR products were purified using Montage PCR 96 plates (Millipore, Nepean, Ontario, Canada) and sequenced using SNRA primers as sequencing primers. All sequencing reactions were carried out in 20-l reactions with BigDye 3.1 Terminator chemistry (Applied Biosystems) and analyzed on an ABI 3100 automated sequencer (Applied Biosystems). Some PCR products were also cloned into a TOPO PCR cloning kit for sequencing (Invitrogen, Mississauga, Ontario, Canada). These plasmids were sequenced as described above except T7 and M13 sequencing primers were used.
RESULTS
MLVA15 yielded the following: BAVNTR12 (114 bp), BAVNTR16 (281 bp), BAVNTR17 (386 bp), BAVNTR19 (99 bp), (10) . A total of 75 isolates were characterized and were split into two clades based on the MLVA polymorphism at the pXO1 locus. Two-thirds of these isolates had the 129-bp allele (n ϭ 50) and one-third had the 132-bp allele (n ϭ 25) at the pXO1 locus. Isolates from the southern region of WBNP, which included the Davidson Tower and Lake Claire Delta regions, had the 129-bp pXO1 allele (Fig. 1) . The majority of isolates from the northern region (Hook Lake) had the 132-bp pXO1 allele (Fig. 1 ), but isolates with the 129-bp pXO1 allele were obtained from two sites in the Hook Lake region. MLVA analysis revealed no polymorphisms from all of the isolates obtained from a given carcass site.
SNR analysis, on the other hand, showed polymorphisms between and within sites (Fig. 1) . Differences at five loci allowed for the designation of 11 subgenotypes (SGTs), which are described in Table 3 . Isolates from six carcass sites were monomorphic, while isolates from eight carcass sites displayed SNRA polymorphisms (Fig. 1 ). An average of six spore isolates were typed for most carcass sites, while the largest number of isolates analyzed from a single carcass site was sixteen. It should be noted that only one sample was collected and analyzed at 2 of the 14 sites. These single sites have the 129 pX01 MLVA type and SGT2 SNR type (double red circles in Fig. 1 ). The eight polymorphic carcass sites contained between two and four SGTs (Fig. 1) . Northern SGTs (Hook Lake) were found to be distinct from southern SGTs (Claire Delta and Davidson Tower), with one SGT as an exception (SGT4).
Thus, on a large geographic scale, SGTs demonstrated a spatial relationship. In the northern sites where MLVA polymorphisms were present, there was no linkage between the MLVA genotype and the SGT.
On a smaller geographic scale (within a specific carcass site), there appeared to be no spatial relationship based on SGTs ( Fig. 2  and 3 ). In most cases, a single SGT was observed per soil sample within a carcass site, but in two cases, two SGTs were observed (see Fig. 2 and 3 ). This was not unexpected since multiple, distinct B. anthracis colonies were isolated from the same environmental sample. No MLVA or SNRA variation was noted from repeated typing of DNA from a single colony, indicating that observed variations were not due to typing errors.
The variation of the SNRs showed no spatial relationship be- SGT1  75  109  90  116  281  260  25  SGT2  76  110  90  116  281  260  2  SGT3  74  109  90  116  281  260  1  SGT4  75  110  90  116  281  260  14  SGT5  75  109  90  116  280  260  4  SGT6  75  108  90  116  281  260  24  SGT7  75  107  90  116  281  260  1  SGT8  75  108  91  116  281 yond the northern/southern split, therefore SNR analysis does not allow for spatial analysis at a fine geographical scale. The relationship between the various SGTs based on MLVA grouping and geographic location are represented in Fig. 4 and 5, respectively.
DISCUSSION
The established method for subtyping B. anthracis, as described by Keim et al. (11) , is a nested hierarchical approach called PHRANA that uses canonical SNPs, MLVA15, and SNR4 to describe phylogenetic relationships among B. anthracis isolates. This method offers many advantages; notably, it is nested, and therefore it does not require weighting and allows for placing unknowns within a stable matrix prior to fine-scale subtyping, using SNRA markers (11) .
In the present study, MLVA divided the isolates into two clades based on a single polymorphism at a single locus (pXO1). Greater variation was observed among the isolates using SNR analysis. Of the 75 isolates analyzed, 58 (77%) of the strains had one of three SGTs (SGT 1, 4, or 6), while other SGTs were represented by as few as one isolate (SGTs 3, 7, 8, 9, 10, and 11). There appear to be two dominant SGTs in the sample set (SGT1 and SGT6) due to the number of isolates analyzed that were typed to these SGTs. It is not possible to identify them as the initial SGT found in these outbreak(s), but the abundance of samples with these SGTs strongly suggests this to be the case. It is possible that these two SGTs offer a competitive advantage over the other SGTs, although the more likely explanation is these two types are ancestral to the other SGTs found.
SNR analysis appears to be greatly impacted by homoplasy; therefore, phylogenetic relationships between isolates are not possible to establish, since differential weighting of specific SNR markers is not possible. SNRA did not resolve temporal differences between a 2000 and a 2001 outbreak. It is interesting that of the four SGTs present in the 2000 outbreak, three of them were found in the 2001 Lake Claire Delta outbreak, while no SGTs from the 2000 Davidson Tower outbreak were identified in the Hook Lake isolates. In any case, SNR analysis does allow for the genetic diversity of B. anthracis isolates to be surveyed across an outbreak or outbreaks.
This study describes the subtyping of environmental samples from carcass sites from an anthrax outbreak in 2000 and 2001. It has been hypothesized that SNR genotypic differences observed for blood and tissue samples from infected animals were due to passage through animals where animals subsequently died of infection and spores were redeposited into the environment, thereby infecting other animals when conditions for an outbreak were favorable (12) . Multiple SNR genotypes would therefore be reflective of multiple past outbreaks (12) . In our study, the localization and concentration of spores in close proximity to a given carcass suggest that these spores were deposited in the local environment from a single foci (individual bison carcass) in which isolates were polymorphic with respect to their SGTs (Fig. 2 and 3) . These models are based on MLVA genotypes being more stable and used to anchor the dominant genotypes for analysis regardless of isolate location. Therefore, the two groups with specific MLVA types were split for SGT description. Detailed genotypic description is presented in Table 3 . isolation. The mutational changes from dominant SGT are shown. Lines linking SNRAs show mutation steps and do not represent lineages. These models are based on geographic isolation of the samples as opposed to using MLVA for anchoring. Therefore, the two geographical areas were split into two groups for SGT description. Detailed genotypic description is presented in Table 3 .
All of the samples analyzed here went through at least two subculturing events and one sporulation/storage event between isolation and genetic typing, so the variation noted could be considered a result of the generational differences between what was collected and what was typed, although when duplicate MLVA and SNR typing analysis of three colonies from each of three different spore slants was conducted, no genetic differences were observed, suggesting sporulation and culturing had limited impact. It should also be noted that PCR and sequencing may also artificially introduce these types of mutations during analysis. In the present study, all SNR analysis was done in triplicate, and all confirmation was carried out in triplicate or quadruplicate for isolates that displayed unusual SNR types so the observed SNR types could not be artifacts of the typing process and must have occurred by other means.
If one applies PHRANA to our data set using MLVA, followed by SNRA, the resulting relationship shows overlapping SGTs in both MLVA populations (SGT4 and SGT6), as depicted in Fig. 4 . If one uses geographic location to establish relationships, the northern and southern isolates have one common SGT type (SGT4), but the vast majority of the SGT types are unique to that area. There appears to be spatial clustering of SGTs (in a broad geographic sense), but this analysis may be masked or contradicted by MLVA (compare Fig. 4 to Fig. 5 ). For example, the northern isolates having the 129 pXO1 MLVA allele would be clustered with the southern isolates displaying the same MLVA type when using PHRANA. If one considers the geographic locations and SGT types, the northern isolates appear to cluster in spite of MLVA type, and thus it would appear that the northern and southern isolates are from specific and distinct outbreaks. Using MLVA first appears to mask the true relationship between the isolates due to the single mutation of a MLVA locus from isolates sampled at two carcass sites.
Using canonical SNPs and MLVA to establish general trends among isolates is important prior to using high-resolution genotyping methods such as SNRA; however, analysis of B. anthracis isolates using PHRANA should take into account the geographic and temporal segregation of isolates sampled, prior to using these data to establish phylogenetic relationships using high-resolution genotyping methods. The various dynamics of an anthrax outbreak in a wild population including, but not limited to original source or sources of infection, movement of infected individuals, selection due to sampling and manipulation of samples prior to isolation, laboratory culturing of samples to identify and type isolates, and finally differential mutation rates of markers used, can make resolving the relationships among B. anthracis isolates challenging.
